Background-During Xenopus laevis neurulation, neural ectodermal cells of the spinal cord are patterned at the same time that they intercalate mediolaterally and radially, moving within and between two cell layers. Curious if these rearrangements disrupt early cell identities, we lineagetraced cells in each layer from neural plate stages to the closed neural tube, and used in situ hybridization to assay gene expression in the moving cells.
INTRODUCTION
Moving about in early embryos, cells enter new environments, where they may keep their original fates, or respond by adopting new fates. These choices are striking for cells that migrate long distances, such as primordial germ cells or fish lateral line primordia who maintain fate (Molyneaux and Wylie 2004; Haas and Gilmour 2006) and neural crest cells who are able to change fate Trainor (2005) , but even cells moving relatively short distances during morphogenesis may find their gene expression profiles affected by new microenvironments. Whether cells move as individuals, streams, or sheets (Trinkaus 1984; Rørth 2007) , it is important to investigate: 1) if the movements are conservative or radical; that is, whether cells remain surrounded by similar cells, or enter new cell cohorts and mix among cells of different characters; 2) if the various experiences of the cells, before they take up final positions, play a role in generating diversity of cell types; and 3) if the cell movements potentially disrupt early molecular patterning and tissue regionalization, requiring regulation or repair.
During Xenopus neurulation, cell rearrangements actively remodel the short, wide, doublelayered neural ectoderm into a long, narrow, single layered neural tube. Accompanying these shape changes are patterning events that subdivide the tissue into cell cohorts with region-specific fates. Because cell mixing and tissue patterning occur simultaneously, cell movements within and between tissue layers must be choreographed to maintain the integrity of early cell cohorts, or cells that are radically displaced during morphogenesis must assume new, appropriate fates. For example, cells moving ventrally or dorsally within the neural tube change their exposures to important regionalizing factors such as sonic hedgehog, bone morphogenetic proteins, Wnts, fibroblast growth factors, and retinoic acid (Koshida et al. 2002; Kudoh et al. 2004; Kudoh et al. 2002; McGrew et al. 1997; McGrew et al. 1992) . Cell rearrangements have been found responsible for tissue convergence and extension (narrowing and lengthening) in all vertebrates studied, including amphibians (Keller and Shih 1992; Keller et al. 1992a) , birds (Schoenwolf and Alvarez 1989; Voiculescu et al. 2007 ), mammals (Smith et al. 1994; Yen et al. 2009 ), and fish (Kimmel et al. 1994; Solnica-Krezel 2005) . Likewise, in each vertebrate system, the early expression of ectodermal region-specific marker genes has been heavily studied and described at detailed molecular scale (Briscoe et al. 2000; Chapman et al. 2002; Chitnis et al. 1995; Espeseth et al. 1995; Goodrich et al. 1999; Goulding et al. 1991; Klar et al. 1992; Mayor et al. 1995; Odenthal et al. 2000; Peyrot et al. 2011; Roelink et al. 1994; Tanabe and Jessell 1996; Zimmerman et al. 1993) . Nonetheless, few studies have focused on the necessary coordination of these two processes (Chalmers et al. 2003; Espeseth et al. 1998; Ciruna et al. 2006 ).
Many of the molecular markers expressed early in stripes within the neural plate are restricted to the deep neural layers, and in Xenopus, primary neurons are also known to originate in the deep, not superficial, ectodermal layers Hartenstein (1989) . Pax3, for example, comes on very early within deep cells of the neural plate, but does not appear to be expressed in the superficial layer prior to neural tube closure (Bang et al. 1997; Davidson et al. 1999 ). In the two-layer neural ectoderm of the developing spinal chord in Xenopus, two forms of cell intercalation could disrupt early tissue regionalization: mediolateral rearrangements within each layer are responsible for much of the tissue's rapid lengthening and narrowing (Elul et al. 1997; Keller et al. 1992a) , whereas radial intercalations (along the tube's radius), are responsible for merger between the two layers of neural plate to form the single layer of the definitive neural tube (Davidson and Keller 1999; Hartenstein 1989; Schroeder 1970) . In this study, we first identified the positions held by superficial and deep cells within the definitive (stage 26) neural tube. We next traced the cells' routes to these positions, discovering that cell mixing is conservative and local mediolaterally, and remains so in the notoplate, but can result in significant cell displacement following radial intercalation. We define conservative cell rearrangement to be when patches of cells remain in contact with their original cohort, and radical rearrangement to be when cells mix beyond their original neighbors. Thus, we find that midline cells rearrange conservatively, while cells flanking the floor plate rearrange radically. Suspicious that changes in cell identity might accompany rearrangement, we used RNA in situ hybridization to check one gene's expression (Pax3) in those cells most radically displaced dorso-ventrally within the neural tube.
RESULTS

Superficial-and deep-layer contributions to positions within the neural tube
Cell-surface labeling with biotin ( Figure 1A ), together with grafts of fluorescently-labeled superficial cells ( Figure 1C) , reveal the stereotypical cell distributions of superficial and deep cells within the spinal cord region of the closed neural tube (Stage 25; Figure 1B -F) . Because the two techniques were equivalent in a preliminary study of 20 embryos ( Figure  1B , D), we chose the less invasive technique of biotinylation for subsequent quantification. The neural tube in each transverse tissue section was divided into four sectors, each containing five bins. Random number charts were used to select one bin to be scored in each sector, so as not to double count cells found in two adjacent bins or in the same bin in two adjacent sections. The selected bin was scored as either unlabeled or labeled. Bins fell within 4 distinct domains: roof plate, floor plate and two lateral domains. 177 sections total were scored for 15 embryos, resulting in 177 cells sampled in the roof plate and floor plate and 354 cells after summing left-and right-lateral domains. Four key aspects of the resulting map were: 1) In 92% of all sections, the wedge-or keystone-shaped, central notoplate cell was unlabeled, and therefore of deep ectodermal origin; 2) In contrast, 90% of the cells immediately flanking the floor plate cells were labeled, and therefore of superficial origin. These labeled flanking cells increased the mean percentage score of the ventral sector to 76% superficial origin (Range 70-77%), partially obscuring the invariably deep origin of the central floor plate cell itself; 3) In the two lateral sectors of the neural tube, labeled cells were more widely spaced, usually separated from one another by at least one unlabeled deep cell, giving these sectors mean percentages of 36% total of superficial origin (Range 22-51%); 4) The roof plate sector of the neural tube (at stage 25) was comprised of a mean percentage of 86% superficial cells (Range 75-96%; Figure 1E , F). The high percentage of superficial cells within the roof plate was also visible in some sagittal sections of embryos containing wide rhodamine-labeled implants ( Figure 2C ). Because we only scored tissue sections from the developing spinal cord region, we cannot comment on how distributions might differ from those in more anterior regions of the neural tube.
Survey of Cell Cohort Boundaries Using Grafts of Varying Widths and Offset
Cells do not move into or out of the notoplate after Stage 11-As described in the single-layered neural plate of urodele amphibians, the notoplate is that part of the neural plate lying directly above the notochord (Jacobson and Gordon 1976; Jacobson and Moury 1995) . In Xenopus, which has a double layered neural plate, some, but not all of the notoplate cells go on to form the floor plate of the neural tube, and are distinguishable from other neural plate cells in stage 11 embryos by their expression of molecular markers such as Sonic Hedgehog and by their cell shape Elul and Keller (2000) . Using rhodamine-labeled, two-layered implants of varying widths, either centered on or offset from the midline (Figure 2A ), we discovered that neither superficial nor deep layer cells of the notoplate mix with more-lateral neural plate cells ( Figure 2B, C) . Cells in narrow, medial, fluorescentlylabeled implants that lay entirely within the Sonic-Hedgehog-expressing notoplate region formed longer, narrower arrays, but did not escape from the notoplate (Figure 3) . Instead, cells mixed only within their cohort, even through stage 25, when these implants formed clean-edged, cohesive strips in the ventral neural tubes ( Figure 2B ). Extremely narrow implants formed aligned but broken rows of labeled cells, due to mixing with unlabeled, host-notoplate cells ( Figure 3A) , again showing that intercalation occurs, but is local and confined to cells within the notoplate population. Offset implants, placed just lateral to the notoplate, mixed laterally but not medially. On the outer/dorsal edge of each implant some labeled cells escaped from the implant and mixed dorsally in the neural tube; but the medial edge of offset implants remained sharp and intact, and did not mix medially, into the notoplate ( Figure 2B ). Thus, within each layer of tissue, the limits to cell mixing or intercalation at the notoplate/neural plate boundary are bi-directional; labeled cells do not move out of or into the double-layered notoplate.
We used both transverse and parasagittal sections of implant-containing embryos to quantify these intercalation behaviors. We represented the densities of labeled cells found in different ventral-dorsal regions of the neural tube with ink densities (Figure 2 ). The boundaries of narrow midline implants are revealed by their precipitous drop in ink density after bin 4 in Figure 2B , and in the complementary, sharp increase in ink density after bin 5 in the narrow offsets. We conclude, then, that although medio-lateral intercalation mechanisms are acting to elongate, narrow, and shape the neural plate, the edge of the notoplate is a barrier to mixing from Stage 11 onward. In contrast, by stage 23, just beyond the one or two cells that lie on either side of the floor plate cell, cell mixing increases dramatically and labeled cells separate from their cohorts and scatter freely among more dorsal host cells.
Medio-lateral intercalation is conservative throughout the flat or open neural plate-Cells within each layer of the Xenopus neural plate intercalate medio-laterally, rearranging locally to bring about dramatic tissue lengthening and narrowing. Our preliminary tracings of superficial cell rearrangements using low-magnification, time-lapse, epi-illuminated sequences of unlabeled embryos between stages 10.5 and 15 revealed no radical displacement of superficial cells beyond original cohort (data not shown). To trace paths taken by both superficial and deep ectodermal cells from stage 11 onward, we used rhodamine-labeled homotopic transplants, and followed labeled cell movements through stage 18 (or beyond, in embryos whose neural folds were held open with pressure from a glass coverslip) by low-light, time-lapse videomicroscopy. Although labeled cells rearranged rapidly within each ectodermal layer, creating longer narrower arrays, cells were not seen leaving the edges of any implant, regardless of the implant's position or width. Labeled cells within each implant type (narrow midline, wide midline, and laterally offset) remained together in a line, even through stage 23 ( Figure 3A) . The same results were found with double-layered, single-layered-superficial and single-layered-deep implants (data not shown). This short-range or conservative medio-lateral mixing behavior was not an artifact of the implant technique, as daughter cells descended from blastomeres injected at the 128-cell stage also showed only local mixing ( Figure 3B ).
Radial intercalation is responsible for scattering cells, and appears to depend upon neural fold fusion-Mediolateral intercalation is conservative throughout the neural plate up through stage 18, just prior to neural fold fusion and tube formation. This conservative pattern of mixing persists in the notoplate/floor plate until stage 25; in contrast, implants extending beyond or lying entirely outside of the notoplate shed labeled cells that are displaced toward the roof plate after stage 18, when the tubes are allowed to fuse normally (Figures 2B, 2C and 4C) . Cell distribution patterns for the two cohorts (within and outside of the notoplate) were quantified using both transverse and parasagittal sections and found to be distinct ( Figure 2B and C).
Embryos whose neural plates were artificially held open beyond stage 18, when neural fold fusion normally begins, maintain conservative cell mixing patterns throughout the neural plate ( Figure 3 ), well beyond the time when radical mixing was observed in control embryos. The key difference between neural plates that have been held open with a coverslip until stage 23, and those that close normally at stages 18-20, is the absence of radial intercalation in the former ( Figure 4D , E). Thus, we hypothesize that radial intercalation is responsible for the substantial movement of labeled cells from the edges of wide-medial or offset implants after neural tube closure.
The fact that radial intercalation of the two ectodermal layers could be prevented, simply by holding the neural plate open under a glass coverslip beyond stage 18, is itself noteworthy ( Figure 4D , E). Video recordings of such closure-blocked embryos revealed no cells rising from the deep layer into the superficial layer, even when an effort was made to highlight such rearrangement by placing fluorescently-labeled cells in the deep layer (at stage 11) and overlaying them with unlabeled cells (data not shown).
Superficial ectodermal cells scatter toward the roof of the neural tube-How do radial intercalation behaviors result in dorso-ventral scattering of cells within the neural tube, and which ectodermal layer, superficial or deep, contributes the most scattered cells? To answer these questions, two-color implants were made, with the deep cells labeled with rhodamine and the superficial cells labeled with fluorescein ( Figure 4) ; implant-containing embryos were fixed at progressively later and later times and sectioned to track the positions of the labeled cells ( Figure 4C ). First, superficial cells apically constrict and shift medially relative to the deep cells. Thus, the edges of double layer implants do not remain fully coincident. Once radial intercalation begins, the basal ends of the superficial cells are carried dorsalward, while the apical ends temporarily remain in their original locations at the ventral lumen ( Figures 4C, 7 ). We suspect, however, that the skewed cell angles seen at stage 22 are intermediates, because by stage 25, cells are radially-aligned within the wall of the neural tube, and both superficial and deep cells have assumed common regular angles relative to the tube's lumen (Figures 1, 4 , and 5). Thus, during radial intercalation, although rhodamine-labeled deep cells are by definition separated from one another by superficial cells, they remain roughly in their original dorso-ventral positions, while a subset of fluorescein-labeled superficial cells are separated completely from their original cohort and carried dorsally in the tube. The degree of dorso-ventral mixing is not uniform, but increases abruptly at the mid-lateral level. This is due at least in part to the additive effect of apical constriction; in regions close to the notoplate, the deep and superficial layers remain more or less in register, whereas laterally the shear between the two becomes much greater. Whether this mid-level transition in degree of mixing is related to the mid-level stripe of F-cadherin expression (Espeseth et al. 1995; Espeseth et al. 1998 ) is not known.
Fatemap from three-color implants-Because two-color implants reveal that superficial cells are displaced dorsalward, we sought to find the original mediolateral positions of the displaced cells, by differentially labeling mediolaterally adjacent populations of cells. Optical transverse sections of embryos containing three side-by-side, homotopic implants reveal, in one image, several characteristics of the cell rearrangements occurring during neurulation ( Figure 5 ). First, rhodamine-labeled (red) notoplate cells remain segregated ventrally; although the cell population elongates and narrows, neither superficial nor deep notoplate cells mix with more-lateral neural ectoderm. Because these three-color implants were bi-layer, both the deep floor plate cells and the superficial immediate-flanking cells along either side of the floor plate cell are labeled red in Figure 5 . Second, in contrast to the notoplate, mid-lateral fluorescein-labeled (green) cell cohorts clearly mix dorsally among the lateral-most (yellow/orange-labeled) cells of the neural ectoderm, often collecting at the roof of the tube. We know from the two-color, two-layer implants (Figure 4 ) that green cells mixing with yellow/orange-labeled cells are of superficial ectodermal origin. The yellow/orange-labeled implants were placed so far laterally within the neural plate that in most cases some cells from these implants could be found in epidermis adjacent to the neural ectoderm, thus these three colored implants allowed us to follow the full span of the neural ectoderm. Although these data highlight the displacement of superficial green cells, it should not be overlooked that both deep and superficial orange dorsal cells must also shift positions when superficial green cells move in among them.
Naturally -displaced superficial ectodermal cells express dorsal-specific Pax3
-Unlike the conservative cell rearrangements driven by medio-lateral intercalation, the cell rearrangements driven by radial intercalation can displace superficial cells from their original subpopulation into regions where different genes are expressed. Once in their new positions, the cells appear to adopt gene expression patterns characteristic of their new neighbors, as assessed by the marker Xenopus Pax3. We found that the roof plate of the neural tube contained rhodamine-labeled cells that had originally been implanted medially within rhodamine-labeled, medium-width implants-implants whose edges at the time of surgery did not extend into far lateral regions ( Figure 6) ; furthermore, despite their medial source, these naturally displaced cells express Pax3 RNA (a dorsal-specific RNA), as detected by fluorescent RNA in situ hybridization (green label in Figure 6 ). We found Pax3 in lineage labeled cells in all of the samples we sectioned (5 to 12 embryos each, from three different clutches). It is important to note that Tyramine/POD-based detection of RNA in situ typically produces different label patterns than those seen with alkaline-phosphatase substrates. For instance, high-resolution confocal sections show more detailed sub-cellular localization of RNA probes than do wax sectioned material or whole mount preparations. Thus, superficial cells displaced to more dorsal locations take on the gene expression of their new location.
DISCUSSION
The Xenopus neural ectoderm, like many frogs, but unlike many salamanders and other vertebrates, is initially a bi-layered tissue. Primary neurons are known to originate in the deep, rather than superficial, ectodermal layer Hartenstein (1989) , and most known genes, expressed early in stripes along the anterior to posterior length of the flat neural plate, are restricted to the deep neural layers, including among others Pax3, F-Cadherin, N-Tubulin, and Xenopus Acheate Scute Homolog XASH-3 (Goulding et al. 1991; Espeseth et al. 1995; Chitnis et al. 1995; Roelink et al. 1994; Zimmerman et al. 1993, respectively) . During neurulation, cells mix both medio-laterally within each layer and radially between layers (Davidson and Keller 1999; Keller et al. 1992b) , potentially disrupting the established patterning of the cell cohorts expressing those early marker genes. What has not been known, however, are the final positions of deep and superficial cells within the definitive neural tube, and the cell paths to these positions.
Our data on the stereotypical positions of superficial and deep ectodermal cells, and the cell rearrangements responsible for these positions, now reveal that the Xenopus floor plate is of deep ectodermal origin, with immediate-flanking cells of superficial origin, and that superficial cells are sparsely scattered among deep cells within the walls of the neural tube, but found at high density in the tube roof ( Figure 1E and F) . Early on, during mediolateral intercalation, cell mixing is conservative and local, and remains conservative medially, within the notoplate. Outside of the notoplate, however, cell mixing becomes strikingly promiscuous after stage 18, when some ventral superficial cells are carried far dorsally by radial intercalation and enter a new cohort of cells expressing the dorsal marker Pax3 (Figures 6, 7) .
Superficial-and deep-cell positions within the neural tube
Superficial ectodermal layers in Xenopus contribute cells to two key positions within the neural tube, the flanks of the floor plate and the majority of the roof plate (Figure 1 ). Both populations are well known in animals with single-layer neural ectoderms for their roles in neural tube patterning and neuronal pathfinding; what is the history behind the allocation of these roles to a separate superficial layer in Xenopus, especially when this layer expresses few early marker genes and includes cells that change cohort during neurulation? After radial intercalation, when Xenopus neural ectoderm becomes single layer, the former superficial cells immediately flanking the floor plate are likely to modulate ventralizing gradients of sonic hedgehog by expressing such factors as Patched and Gli2, just as they do in the single-layered chick neural ectoderm (Altaba 1998; Dodd et al. 1998; Odenthal et al. 2000) . In zebrafish, whose floor plates are three cells across, the central-most cells express both Sonic Hedgehog and Fox2b, and appear necessary for the development of the flanking columns of cells, which express Fox2b alone Odenthal et al. (2000) . As described in mice, flanking cells in Xenopus may lay down anterior-posterior guidance cues for elongating commissural axons, who are earlier guided across the floor plate via Robo and Slit interactions (Kennedy et al. 1994; Yuan et al. 1999) . The deep origin of the central-most floor plate cells in Xenopus is also noteworthy, as these cells are in immediate contact with the notochord during the dramatic elongation of the dorsal axis, and appear to play a unique and organizing role in dorsal morphogenesis (Elul and Keller 2000; Ezin et al 2003) . In chick, the origins and close physical proximity of mesodermal notochord cells and ectodermal floor plate cells has been hotly debated Teillet et al. (1998) . We witnessed no radial mixing, however, between mesodermal and ectodermal populations in Xenopus; had such mixing occurred, it would have appeared as dark or differently-labeled cells from the host notochord rising into labeled implant floor plate or as labeled floor plate cells moving into the host notochord (data not shown).
Given that the neural tube's roof plate is of primarily superficial origin in Xenopus, with many of its constituent cells expressing Pax3 despite having moved there from more ventral positions, we now hypothesize that the dorsally-displaced superficial cells establish a third, roof-plate specific fate, distinct from the dominant fates in their old and new environments, and based upon their unique history of exposure to positional information in several different regions of the neural tube (Figure 7 ). Differentiated roof plate cells are known to express distinct dorsalizing factors, necessary to inhibit the floor plate's ventralizing factors and to induce a full and varied range of cell fates within the tube wall (Dodd et al. 1998; Wilson and Maden 2005) .
Early, conservative intercalation--a product of special boundaries or generic motility?
The conservative mode of medio-lateral intercalation we report here (by which few cells move into or out of labeled cohorts) is also supported by high-magnification timelapse imaging of cell behaviors during neural plate convergent extension Elul and Keller (2000) . Such behavior could be maintained by multiple specialized boundary populations similar to those populations found between rhombomeres in the chick hindbrain Nittenberg et al. (1997) . One boundary has already been proposed to exist at the Xenopus sulcus limitans, where cell movement appears restricted across a small population of F-Cadherin-expressing cells Espeseth et al. (1998) . Nonetheless, the limited mixing we see during early neurulation is not confined to just one region, like the notoplate or sulcus limitans, but occurs throughout the neural plate, and thus demands a more pan-neural mechanism, such as regulation of mono-or bi-polarity during cell intercalation (Elul and Keller 2000; Keller et al. 1992a ). Regulation of cell protrusive and intercalative behavior is likely to be established by signals emanating from the extracellular matrix and/or the mesodermal germ layer (Davidson and Keller 1999; Elul et al. 1997; Ezin et al. 2003) and is worthy of further theoretical and experimental investigation.
The notoplate/floor plate: a segregated cell population
The notoplate ectoderm remains sequestered from the rest of the neural field throughout both the conservative, medio-lateral intercalation phase and the later radial intercalation phase. Although it is true that these cells, after apical constriction, are simply in less susceptible positions for dorsal-ward separation by deep cell radial invasion, tissue geometry likely plays only one part in the cell behaviors of the midline. Deep notoplate cells exhibit striking and increasing substrate adhesion to the underlying notochord, such that collagenase treatment is required by stage 13 for their clean microsurgical removal. Deep notoplate cells also display a unique pattern of multi-polar protrusive activity on their notochordal substrate, and for a brief period after their isolation from it Elul and Keller (2000) . Additionally, in substrate challenge experiments, small notoplate isolates selectively attach to and track on the underlying notochord Edlund and Keller (unpublished observations). The molecular basis for this substrate-based segregation is unknown, but a number of genes are shared between the notoplate and notochord. Some candidate motility-affecting genes expressed in the notoplate, include: integrin α6 Lallier et al. (1996 ), Wnt4 McGrew et al. (1992 , F-Spondin Klar et al. (1992) , VN-cadherin Franklin and Sargent (1996) , and Netrin Peyrot, et al. (2011) . Additionally, the fibronectin-and fibrillin-containing matrix on the notochord surface is known to be remodeled during gastrulation and neurulation (Davidson et al. 2004; Skoglund et al. 2006 ). Elul and Keller (2000) also did not see Xenopus cells crossing between the notoplate and the rest of the neural plate. Similar tissue segregation has been noted in both the newt (Jacobson and Gordon 1976; Jacobson and Moury 1995) and the chick Alvarez and Schoenwolf (1991)--animals with single-layered noto-and neural plates throughout. Overall, across organisms, the persistent restriction in mixing seen for notoplates contrasts with the radical cell mixing we found to occur in Xenopus after stage 18 in the more lateral/dorsal neural ectoderm.
Radial intercalation does not occur in the absence of neural fold fusion
Holding the neural plate open beyond the time of normal neural fold fusion, in order to visualize cell mixing in the neural plate, led to the additional discovery that we could block the radial intercalation movements between the two neural plate layers, described previously Davidson and Keller (1999) . We speculate that neural fold fusion serves as a cue or prerequisite for radial intercalation, although it is not yet clear whether a signal arises from the fusion site itself, or whether any such cues act directly or indirectly to control intercalative behaviors. Molecular regulation of radial intercalation is unknown, although the mechanisms for mediolateral intercalations are known to depend upon planar-cellpolarity signaling in Xenopus, fish and mouse Harland 2001, 2002; Ciruna et al. 2006; Ybot-Gonzalez et al. 2007 ). Future studies are also needed to test whether apical-basal polarity factors such as the Par complex (Dollar et al. 2005; Ninomiya and Winklbauer 2008) regulate these processes or whether processes that regulate cell mixing during radial intercalation share features with the establishment of the neural tube lumen observed in Zebrafish (Tawk et al. 2007; Harrington et al. 2009 ). Not only do model vertebrates differ in their strategies for producing the neural tube lumen, but even within a single embryo, there are differences along the anterior-posterior axis. The anterior neural plate in most amniotes is single-layered, but posterior to the hind-limb, the neural tube is formed from a mesenchymal mass of cells via secondary neurulation (Schoenwolf 1984; Schoenwolf 1980) . The chick posterior neural tube arises from a multilayered mesenchymal medullary cord Shimokita (2011) , and neurulation in zebrafish, at all levels, bears some similarity to the process of secondary neurulation, beginning from a mesenchymal neural keel rather than epithelial sheet Lowery (2004) .
Neuronal diversity, cell mixing and tissue patterning
The fact that so much superficial cell mixing occurs, and that it appears to be followed by new gene expression, raises the question of whether the embryo makes special use of the mixing, or is only living with, and compensating for it. Individual superficial cells, unable to anticipate their final positions within the neural tube, because of randomness in radial intercalation's outcomes, may delay specification until the neural tube closes (Figure 7) . The details of the molecular pathways responsible for maintaining such plasticity throughout this period of intense regionalization in the deep cell layer remain to be found. Together this fate map and preliminary demonstration of gene expression plasticity lead us to speculate that neurulation's cell movements are less a potential threat to early molecular patterning, and more a mechanism that introduces randomness and generates diversity in cell type, by providing cells with diverse experiences before they take up final positions (Figure 7 , bottom panel).
Several hypotheses have been proposed to account for the restriction of pro-neural gene expression to the deep layer of the neural ectoderm prior to neural tube closure Chalmers, Welchman et al. (2002) . Although it has been argued that superficial cells might not be receptive to the signals that induce neuronal specification in deep cells (Hartenstein 1989) , recent studies over-expressing activated signaling pathways in the superficial layer suggest this is not the case Chalmers, Welchman et al. (2002) . Deep-cell identities appear to be actively repressed in the superficial layer at the transcriptional level Chalmers, Lachani et al. (2006) , and structural cues from protein complexes that regulate the apical-basal polarity of epithelial cells are now thought to be responsible for this repression (Chalmers, Pambos et al. 2005; Sabherwal, Tsutsui et al. 2009 ). In addition, structural cues from the superficial layer may regulate the behavior of deep neural cells Ninomiya and Winklbauer (2008) . Interestingly, these apical-basal cues during neural tube closure could couple the processes of neurogenesis and neurulation. Electron microscopy studies in Xenopus have shown that neural tube fusion appears to release superficial cells from their apical junctions Schroeder (1970) , and we have demonstrated here that neural fold fusion may activate both radial intercalation cell behaviors and new patterns of neural specific gene expression. Perhaps the capacity for neural fold fusion is regulated by the same factors that pattern neurogenesis Poznanski, Minsuk et al. (1997) . Such mechanisms could ensure that definitive neuronal identities are not fixed until certain structures of the spinal cord and brain are established. Further work is needed on both the signals for neural tube fusion and the roles of these signals in releasing transcriptional repression of neurogenic genes in the superficial layer.
After neural tube closure, dorsal-ventral patterning and neuronal specification must accommodate cells displaced by radial intercalation. Our studies of Pax3 suggest that superficial cells regulate gene expression when naturally carried dorsally within the neural tube ( Figure 6 ). Earlier studies identified Pax3's role in inhibiting ventral fates Tremblay et al. (1996) and the notochord's ability to induce ventral fates Placzek et al. (1991) , but a more thorough investigation of gene expression is now needed for both naturally and experimentally displaced neural ectodermal cells. For example, we have found in preliminary studies that experimentally-displaced cells from the midline, grafted into the lateral neural plate, can resist re-patterning of the midline marker sonic hedgehog (SHH; data not shown). Keeping in mind that gene expression patterns must not be equated with fate maps, our fate mapping study of superficial and deep ectodermal cells during neurulation can now guide future work on signaling and gene regulatory relays that allow generation of primary neurons and the establishment of a reservoir of neural progenitors for secondary neurogenesis.
EXPERIMENTAL PROCEDURES Embryo Culture and Microsurgery
Embryos were obtained from adult frogs by standard methods Kay and Peng (1991) . Donor embryos were injected at the one-cell stage with Rhodamine and/or Fluorescein Dextran Amine (10,000 MW, Invitrogen/Molecular Probes, Eugene, OR), and allowed to develop to embryonic stage 11 -11.5 Nieuwkoop and Faber (1967) , in 1/3 strength Modified Barth's Saline (MBS). After removal of vitelline envelopes with forceps, surgeries were conducted with hair tools, in clay-lined dishes containing modified Danilchik's Solution, a saline developed to simulate blastoceol fluid Keller et al. (1985) .
Single-or double-layered ectodermal transplants were cut from the labeled donor and placed homotopically into holes prepared for them in sibling, unlabeled hosts (Figures 1,2,3-6 ). When labeled deep cells were transplanted alone, without the overlying epithelium, a blanket of unlabeled epithelium was laid over them in the host embryo. For two-color implants, a single, epithelial layer of fluorescein-labeled tissue was first transplanted to a rhodamine host and allowed to heal for 30 minutes; a two-layer transplant was then cut from this embryo (containing green superficial and red deep cells) and placed in an unlabeled embryo (Figure 4) . When three implants were placed side-by-side within the neural plate, a single hole was prepared in each host embryo to hold all three strips ( Figure 5 ). Transplant size and position varied, so that narrow, medium or wide strips of tissue were cut from medial, offset or far lateral positions, but all transplants were homotopic and homochronic. Immediately after surgery, the width and position of each graft were recorded by an acetate tracing of a video image. All grafts were allowed to heal under a coverglass for at least 30 minutes, before the embryo was transferred to 1/3 strength MBS for development to the desired embryonic stage and/or videomicroscopy.
Surgical-and Biotin-labeling of Superficial Ectoderm
Superficial cells were labeled either by single-layered, wide, fluorescent implants ( Figures  1C, D) , or by bathing embryos in 1/3 MBS, containing 2mg/ml EZ-link Sulfo-NHS-LCBiotin (Sulfo-N-Hydroxysuccinimide Long Chain esters of Biotin) for thirty minutes Minsuk and Keller (1996) , whose NHS portion reacts with cell-surface protein amine groups; these reactions were quenched with Glycine. After biotin-labeled embryos reached the appropriate stage, they were fixed and sectioned, and alkaline-phosphatase conjugated avidin was used to visualize cells of superficial origin ( Figure 1A, B) .
Histological and Optical Sectioning
For histology, embryos were fixed in MEMFA (Kay and Peng, 1991) , dehydrated in ethanol, embedded in Paraplast (McCormick Scientific, St. Louis), sectioned at 15 μm on a rotary microtome and mounted on glass slides in aqueous Gel/Mount (Biomeda, Foster City, CA). For optical sectioning, fixed embryos were dehydrated in methanol, cut transversely through the neural tube with a scalpel, and cleared in benzyl benzoate and benzyl alcohol (2:1) (Kay and Peng, 1991) . Images were captured on a Laser Scanning Confocal Microscope (PCM2000, Nikon, Melville, NY) at the Keck Center for Cellular Imaging at the University of Virginia.
Cell Displacement Assay for Single-Layer Implants and Biotin-Labeled Superficial Ectoderm
After the superficial ectoderm was labeled (either by surgical implant, or by biotinylation, see above), embryos were allowed to age to stage 25 and sectioned transversely at 15 μm thickness. Qualitative and preliminary quantitative study of 5 surgically-and 15 biotinlabeled embryos revealed the two techniques to be equivalent ( Figure 1B, D) ; we, therefore, used the less time-intensive and less-invasive technique of biotinylation for all subsequent quantification ( Figure 1E ). Labeled cell scatters in the spinal cord were quantified by dividing the tube into four sectors and assigning five bins to each sector. Random number charts were used to select the bin to be scored in each sector. The selected bin was scored as either unlabeled or labeled. In this way, each transverse tissue section was scored for one randomly selected bin in each of the four sectors. Data from each sector could then be compared and reported as {Total # of sampled labeled cells in a given sector} / {Total # of tissue sections}.
Cell Displacement Assays for Two-layer Implants
Rhodamine-labeled, two-layer implants, of varying widths, were placed in different mediolateral positions within the neural plates of unlabeled host embryos, and the embryos allowed to grow to stage 23 (Figure 2 ). Embryos were fixed in MEMFA and histologically sectioned transversely or parasagittally. For quantification of transverse sections, the neural tube was divided into 30 bins. These bins were outlined based on acetate tracings of stage 23 neural tubes that had been fractured transversely and imaged in the scanning electron microscope. Each bin was assigned a number (15 to a side; Figure 2B ). Images from paraffin sections were overlain by these acetate bin templates, and each bin was scored as positive or negative, based on whether it contained a rhodamine-labeled cell. By repeating this procedure for successive transverse sections, the dorso-ventral cell scattering patterns were reconstructed along the anterior-posterior length of each implant. Figure 2B shows representative labeled-cell distributions for 15 different embryos, five each for the three different implant types: narrow-medial, narrow-offset, and wide-medial. For each embryo, approximately 50 spinal cord sections were scored. The number of times out of 50 that a given bin contained a labeled cell is represented in Figure 2 as an Ink Density, ranging from white (labeled 0% of the time) to Solid Black (labeled 100% of the time).
To quantify the amount of cell intercalation at an implant's edge using parasagittal sections, images of parasagittal neural tube sections were enlarged and overlain with acetate; a flexible ruler was used to trace evenly-spaced lines along the length of the tube, at progressively more dorsal positions in the tube wall (the first line closest to the floor, and the last line closest to the roof of the tube; Figure 2C ). By rolling a digital map wheel along a line, picking it up when it came to unlabeled tissue, and reapplying it for fluorescent cells, we were able to measure the ratio of labeled to unlabeled tissue along a given line. This procedure was repeated for each more dorsal line in the tube, resulting in a dorsal to ventral list of ratios for each implant. Implants of different widths vary in the character of their transitions from almost solid fluorescent tissue to almost solid unlabeled tissue. Figure 2C shows representative labeled-cell distributions and ratio results for embryos containing narrow or wide medial implants. Transverse sections were best suited for looking at the lateral edges of very narrow medial implants, as these implants do not always wrap far enough dorsally into the walls of the tube to be easily interpreted in parasagittal sections. Note that because of their curvature there is often a visible gap between the notochord and the most medial neural tissue quantified in each parasagittal section (arrowhead, Figure 2C ).
Low-light Fluorescence Videomicroscopy
Embryos were held in glass-bottomed culture dishes, containing 1/3 MBS with 0.1% Bovine Serum Albumin (to prevent sticking to the glass surface). Images were captured with a Hamamatsu C2400-08 SIT camera, through 10X or 20X PlanApo objectives mounted on an Olympus IX70 inverted microscope. The acquisition, shutter control (Sutter Instruments Co., Novato, CA), tungsten illumination source, and image processing were all controlled by image acquisition software (Metamorph Imaging System, Universal Imaging Corp., Downington, PA).
Tricolor Fate Map of Spinal Cord Neural Tube
Three two-layer implants containing Rhodamine (medial; Red), Fluoroscein (midventral; Green) and a mixture of Rhodamine and Fluoroscein (lateral; Orange) were taken from donor embryos and placed side-by-side in the neural plates of unlabeled Stage 11.5 embryos ( Figure 5 ). Embryos were cultured to Stage 24, fixed, cleared, and optically sectioned transversely on a confocal microscope to reveal labeled cell distributions Davidson and Keller (1999) .
Whole-mount in situ Hybridization
Narrow strips of superficial ectoderm were peeled from the midline/notoplate of rhodaminelabeled, stage 11.5 donor embryos, and placed homotopically into holes prepared for them in the neural plates of unlabeled, host, sibling embryos. Embryos were cultured in 1/3 X MBS, until they were fixed at stage 23 for in situ hybridization and optical sectioning. RNA probes for Pax3 were transcribed (Ambion, Madison, WI), labeled with either digoxigenin-or fluorescein-UTP (BMB) and used without being hydrolyzed. MEMFA-fixed embryos and explants were stained by whole-mount in situ hybridization (Davidson and Keller 1999; Harland 1991) , with final alkaline-phosphatase or peroxidase precipitation reactions using either BCIP/NBT (Promega, Madison, WI), Magenta Phos (Biosynth. Intern'l), or Tyramide signal amplification (GreenFISH; NEN Life Science, Boston, MA; see Davidson and Keller 1999) . Stained embryos were then sectioned histologically or optically with confocal imaging. Percentages refer to the number of labeled (superficial-origin) cells found in each of the three regions of the neural tube at Stage 25, as measured using a random-bin sampling technique, described in the text. 177 sections were scored, providing 177 roof plate, 177 floor plate, but 354 tube wall values, as these could be counted on both sides. Dotted lines enclose the ventral region of the tube, where 76% of the cells were labeled; this ventral region can be further broken into two populations (8% of its central-most cells and 90% of its flanking cells were labeled). The surface origin of the roof plate sector ranged from 75% to 90% for any individual embryo whereas the superficial origin of the lateral sectors ranged from 22 to 51%. (F) Cartoon of findings: 1) high density of cells of superficial origin in the roof plate and just to either side of the midline; 2) low density of cells of superficial origin in the lateral walls of the neural tube; 3) deep origin of the notoplate cell directly above the notochord (no). Labeled-implant technique for following ectodermal cell rearrangements during neurulation. (A) Donor embryos are labeled cytoplasmically with Rhodamine Dextran Amine. Homotopic, homochronic implants are placed in the neural plate at Stage 11, and embryos allowed to grow to Stage 23, before being fixed and sectioned transversely or parasagittally (no, notochord). (B) In transverse sections, the spinal cord neural tube is divided into bins, corresponding to approximately 15 cells on each side. These bins are scored for containing a labeled or unlabeled cell. In a single embryo, the number of times out of 50 sections that a given bin contained a labeled cell is represented as an Ink Density, ranging from white (labeled 0% of the time) to Solid Black (labeled 100% of the time). Quantifications of stereotypical sections from each of 15 different embryos (five embryos for each implant type: Narrow, Offset or Wide) are shown. (C) In parasagittal sections, the spinal cord neural tube is overlain with equi-spaced lines, along which a map wheel is rolled, measuring, for each line, the percent labeled tissue per total tissue length; this percentage is then represented as an Ink Density. Quantifications of stereotypical sections from 10 different embryos (five embryos for each implant type: Narrow or Wide) are shown. Because parasagittal sections differed in their ventral to dorsal height, the number of lines quantified differs for each of the 10 embryos shown. Insets in B show implants lying in the neural plate, immediately after surgery. Three-color fate map of spinal cord neural tube. (A) Three homotopic, bi-layer implants containing the cytoplasmic dyes Rhodamine (Red, medial), Fluoroscein (Green, mid-lateral) and a mixture of Rhodamine and Fluoroscein (Yellow/Orange, lateral) were placed side-byside in the neural plates of host, unlabeled stage 11.5 embryos. Embryos were grown to stage 25, when they were fixed and sectioned optically on the confocal microscope (no, notochord). (B-D) Exemplar transverse sections (drawn from five embryos hosting grafts) reveal the resulting labeled-cell distributions. Note red label in both the floor plate and the immediate-flanking cells, because these were bi-layer ectodermal implants. Note also, that escapees from the green, mid-lateral implants have scattered toward the tube's roof, separated from their original cohort by yellow/orange cells. Representative confocal, transverse optical sections of a neural tube containing a rhodaminelabeled superficial-ectodermal implant and fluorescent label for Xenopus Pax3 gene expression. Single-layer, superficial cell grafts were placed in the neural plates of 7 hosts at stage 11.5, and embryos grown to stage 23, before Pax3 gene expression was detected using RNA in situ hybridization (Davidson and Keller, 1999) . Fluorescein visualization reveals Pax3 RNA within rhodamine-containing superficial cells en route to the dorsal neural tube. Model for cell displacement within the Xenopus neural ectoderm increasing cell fate diversity. By moving from a ventral position to a dorsal position, the red astrix cell experiences two signaling environments, ventral (red) and dorsal (green), and because of this unique history, could assume a third fate distinct from those of its old and new neighbors. The grey shading of superficial cells in this diagram emphasize the superficial origins of the roof plate cells, along with the deep origin of the midline notoplate (flanked by superficial cells).
